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Small-angle X-ray scattering (SAXS)Proteins containing iron–sulfur (Fe–S) clusters arose early in evolution and are essential to life. Organisms have
evolved machinery consisting of specialized proteins that operate together to assemble Fe–S clusters efﬁciently
so as tominimize cellular exposure to their toxic constituents: iron and sulﬁde ions. To date, the best studied sys-
tem is the iron-sulfur cluster (isc) operon of Escherichia coli, and the eight ISC proteins it encodes. Our investiga-
tions over the past ﬁve years have identiﬁed two functional conformational states for the scaffold protein (IscU)
and have shown that the other ISC proteins that interact with IscU prefer to bind one conformational state or the
other. From analyses of the NMR spectroscopy-derived network of interactions of ISC proteins, small-angle X-ray
scattering (SAXS) data, chemical crosslinking experiments, and functional assays, we have constructed working
models for Fe–S cluster assembly and delivery. Future work is needed to validate and reﬁne what has been
learned about the E. coli system and to extend these ﬁndings to the homologous Fe–S cluster biosynthetic ma-
chinery of yeast and human mitochondria. This article is part of a Special Issue entitled: Fe/S proteins: Analysis,
structure, function, biogenesis and diseases.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
1.1. Ancient earth: an iron–sulfur world
Owing to the natural abundance and unique chemical and electronic
properties of iron (Fe) and sulfur (S) [1], it has been hypothesized that
ancient organisms arose from an anaerobic, Fe–S world [2,3]. Recent or-
ganic syntheses conducted at high temperatures and pressures in the
presence of H2S and Fe catalysts have successfully converted carbon
monoxide into peptides [4,5], and thereby created essential C–C bonds
and metabolites (e.g. pyruvate) [6] required for energy acquisition and
the biosynthesis of amino acids and nucleotides — the sustenance of
life. Evolutionary evidence in support of the Fe–S world theory mani-
fests in certain metabolic pathways (e.g. glucose oxidation) of primitive
archaebacteria and thermophiles, which rely on Fe–S clusters, whereas
contemporary eubacteria have evolved to utilize NAD(P)H andteins: Analysis, structure, func-
nt, University of Wisconsin-
hysical Chemistry, Göttingen,
, National Institutes of Health,
sity of Oxford, Oxford, UK.
. This is an open access article underNAD(P) and phosphorylation cascades [7]. Yet, while modern organisms
have since developed other, non-Fe–S-based mechanisms for redox-
based metabolism, Fe–S clusters comprise a common class of enzymatic
cofactors that represent evolutionary relics from the ancient Fe–S world.1.2. Fe–S clusters in modern biochemistry
Fe–S clusters constitute a ubiquitous class of protein prosthetic groups
essential to life [8]. Following the discovery of ferredoxins as Fe–S cluster
containing proteins in the 1960s [9], the diverse chemical, electronic, and
magnetic properties of Fe–S clusters were thoroughly characterized
in vitro, andnumerous synthetic routes for preparing Fe–S clusters of var-
ious chemical compositions have been documented [8]. The most com-
mon Fe–S cluster types are [2Fe–2S], [3Fe–4S], and [4Fe–4S] ligated to
proteins through cysteine, histidine, or aspartate residues. Fe–S clusters
confer unique functional properties to proteins involved in vital cellular
processes, including metabolism [10], photosynthesis [11], DNA replica-
tion and repair [12–15], and nitrogen ﬁxation [16].
Fe–S clusters form spontaneously under anaerobic conditions
in vitro; however, under oxidizing conditions in vivo, oxygen-labile
Fe–S clusters require intricate proteinaceous machinery for their efﬁ-
cient synthesis and transfer to apoproteins [10,17,18]. Molecular oxy-
gen rapidly degrades Fe–S clusters, and the resultant free iron ions, via
Fenton chemistry, produce reactive oxygen species (ROS; e.g. hydroxylthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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mately culminating in cell death.
Prokaryotes possess three distinct biosynthetic systems to securely
assemble and deliver Fe–S clusters: the nitrogen-ﬁxation system
(NIF), the sulfur-mobilization machinery (SUF), and the ISC-assembly
system. The ISC-assembly machinery produces the majority of Fe–S
clusters needed for cellular activity, whereas the NIF and SUF systems
play specialized roles in thematuration of nitrogenase and the oxidative
stress response, respectively [20].
1.3. Fe–S cluster biosynthesis and human health
Eukaryotes contain homologous ISC-assembly proteins within
their mitochondria, and these dedicated proteins, along with the cy-
tosolic Fe–S cluster assembly (CIA) system, produce nearly all nucle-
ar, cytosolic, mitochondrial, and endoplasmic reticulum-based Fe–S
proteins [21,22]. Of utmost importance to the maintenance of organ-
ismal health, apoprotein targets that require Fe–S cluster delivery
include DNA helicases, DNA polymerases, transcription factors, mis-
match repair proteins, and complexes I–III of the electron transport
chain [21]. Defects in eukaryotic ISC-assembly machinery thus
manifest as a variety of diseases, including myopathies (e.g. mito-
chondrial encephalomyopathy) and neurodegenerative diseases
(e.g. Friedreich's ataxia) [23–25]. Recent evidence also suggests
that defective ISC biogenesis may play a role in the onset and pro-
gression of Parkinson's disease [26,27], owing to the propensity
with which degraded ISCs form ROS that lead to oxidative damage
in the brains of Parkinson's disease patients.
1.4. Model systems for Fe–S cluster biosynthesis and transfer
Proteins associated with Fe–S cluster biogenesis and Fe–S protein
maturation play vital physiological roles, and the mechanisms of their
biosynthesis have been investigated intensively. Studies in bacteria
(Azotobacter vinelandii) [28–30] and yeast (Saccharomyces cerevisiae)
[31–33] have greatly advanced our understanding of Fe–S protein mat-
uration. However, Escherichia coli has emerged as the model organism
providing the greatest insight into themechanistic details for Fe–S clus-
ter biosynthesis and delivery to apoproteins [34,35]. The proteins
encoded by the isc operon of E. coli (Fig. 1) [30,36] comprise IscR (tran-
scription factor that regulates the expression of the iscRSUA operon in
response to the iron–sulfur cluster content of the cell [37]), IscS (PLP-
dependent cysteine desulfurase), IscU (scaffold for ISC assembly), IscA
(alternate scaffold/possible iron-delivery protein), HscB (Hsp40 J-type
co-chaperone), HscA (specialized Hsp70 chaperone), Fdx ([2Fe–2S] fer-
redoxin), and IscX (iron binding protein and possible iron donor in Fe–S
cluster biosynthesis). Intensive biochemical [38] and structural [39]
studies have elucidated many of the steps involved in Fe–S cluster bio-
synthesis on IscU and have shown that the process is inhibited by theFig. 1. The isc operon and thebacterial frataxin protein (CyaY), whose gene is external to the isc
operon [40,41].
1.5. High-resolution, structural analyses of the ISC proteins
Three-dimensional structures of ISC proteins and their complexes
(Table 1) have provided important insight into the process of Fe–S clus-
ter biosynthesis and transfer.
1.6. IscU
IscU is a scaffold protein on which Fe–S clusters are assembled
and sustained until transferred to target proteins. IscU contains
three highly-conserved and physiologically essential cysteine resi-
dues, a conserved histidine residue, and a conserved ‘LPPVK’ motif
[10]. Conﬂicting evidence has been reported regarding the types of
Fe–S clusters assembled on IscU. In vitro studies of A. vinelandii
IscU showed that [2Fe–2S] clusters are assembled ﬁrst by IscS-
mediated reconstitution, and that reductive coupling between two
[2Fe–2S] clusters produces one [4Fe–4S] cluster [42], which can be
transferred subsequently to apo-aconitase [43].
1.7. IscA
The physiological function of IscA has yet to be deﬁnitively deter-
mined. IscA has been proposed to function as a scaffold for assembling
Fe–S clusters, but IscA also has a high afﬁnity for iron ions. Thus, IscA
may be an alternative scaffold protein for Fe–S cluster assembly and
transfer [44,45], or it may serve as an iron-delivery protein [46,47].
In eukaryotes, however, genetic and biochemical studies have indi-
cated that Isa1 and Isa2, the yeast isoforms of bacterial IscA, play im-
portant roles in producing mature mitochondrial aconitase-like
proteins (Aco1 and Lys4) [48], the mitochondrial SAM-dependent
biotin synthase (Bio2) [49], and lipoic acid synthase (Lip5); these re-
sults support the hypothesis that IscA acts as an Fe–S cluster scaffold
protein [18].
1.8. HscB
HscB is an Hsp40-type co-chaperone protein consisting of two do-
mains. The C-terminal domain is involved in binding the substrate,
IscU, whereas the N-terminal J-domain is responsible for interacting
withHscA and stimulating its ATPase activity during Fe–S cluster transfer
[50].
1.9. HscA
HscA is the Hsp70-type chaperone protein with ATPase activity that
binds to IscU in the canonical Hsp70 nucleotide-dependent manner.ISC proteins it encodes.
Table 1
Proteins involved in iron–sulfur cluster assembly and relevant structural information.
Protein Comment Organism PDB code (method) Reference
IscU Scaffold protein E. coli 2l4x (NMR) [101]
IscU(D39A) Scaffold protein variant with stabilized S-state E. coli 2kqk (NMR) [101]
IscU(D39A):[2Fe–2S] Holo scaffold protein (substitution homologous to D39A in E. coli) Aquifex aeolicus 2z7e (X-ray) [78]
IscU:Zn complex Inhibited form of IscU Haemophilus inﬂuenzae 1rp9 (NMR) [77]
IscU:Zn complex Inhibited form of IscU Thermus thermophilus 2qq4 (X-ray) [76]
IscU:Zn complex Inhibited form of IscU Streptococcus pyogenes 1su0 (X-ray) [75]
IscS Cysteine desulfurase: (IscS)2 homodimer E. coli 1p3w (X-ray) [136]
IscU–IscS complex (IscU)2–(IscS)2 E. coli 3lvl (X-ray) [61]
IscU(D39A):[2Fe–2S] complex (IscU:[2Fe–2S])2–(IscS)2 Archaeoglobus fulgidus 4eb5 (X-ray) [68]
IscU(D39A):[2Fe–2S] complex Oxidatively degraded Archaeoglobus fulgidus 4eb7 (X-ray) [68]
IscA(1–105) Iron delivery, alternative scaffold; homo-tetramer, Hg derivative E. coli 1r94 (X-ray) [137]
IscA(1–107) Iron delivery, alternative scaffold; homo-tetramer, apo-protein E. coli 1s98 (X-ray) [138]
IscA(1–116) Iron delivery, alternative scaffold; monomer Aquifex aeolicus 1nwb (NMR) [139]
IscX (aka YfhJ) Iron delivery, or frataxin-like regulator of cluster assembly? E. coli 1uj8 (X-ray) [140]
IscX Iron delivery, or frataxin-like regulator of cluster assembly? E. coli 2bzt (NMR) [56]
CyaY bacterial frataxin Inhibitor of cluster assembly E. coli 1ew4 (X-ray) [141]
CyaY bacterial frataxin–iron complex Iron delivery protein? E. coli 1soy (NMR) [142]
YFH1 yeast frataxin Iron delivery protein Saccharomyces cerevisiae 1xaq (NMR) [143]
YFH1 yeast frataxin (trimeric) Iron delivery protein Saccharomyces cerevisiae 2fql (X-ray) [144]
YFH1 yeast frataxin (trimeric) Iron delivery protein Saccharomyces cerevisiae 3oeq (X-ray) [145]
YFH1 yeast frataxin (trimeric, cobalt complex) Iron delivery protein Saccharomyces cerevisiae 3oer (X-ray) [145]
YFH1 yeast frataxin (trimeric, Fe2+ complex) Iron delivery protein Saccharomyces cerevisiae 4ec2 (X-ray) [146]
FRDA (frataxin) Enhances desulfurase activity Homo sapiens 1ekg (X-ray) [147]
FRDA (frataxin) Enhances desulfurase activity Homo sapiens 1ly7 (NMR) [148]
HscA(390–615)–peptide complex Chaperone (DnaK-type protein) substrate binding domain with
bound IscU peptide
E. coli 1u00 (X-ray) [93]
HscB Co-chaperone (DnaJ-type protein) E. coli 1fpo (X-ray) [149]
HSC20 Co-chaperone (DnaJ-type protein) Homo sapiens 3bvo (X-ray) [150]
Fdx (ferredoxin) Electron transfer E. coli 1i7h (X-ray) [151]
IscR Apo-repressor protein; homodimer E. coli 4hf0 (X-ray) [152]
IscR–DNA complex Homodimer with bound HYA promoter fragment E. coli 4chu (X-ray) [153]
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an acceptor apoprotein [51].
1.10. Ferredoxin (Fdx)
Fdx contains a [2Fe–2S] cluster coordinated by four conserved cyste-
ine residues. Studies of yeast [2Fe–2S] Fdx (Yah1) have suggested that
this protein may deliver electrons required for Fe–S cluster assembly
[52,53]. Studies of in vitro cluster assembly have shown that the Fe–S
cluster assembled on IscU can be transferred to the apo-form of Fdx
[45,54,55], implying that [2Fe–2S] Fdx is one of the target proteins to
which the ISC system supplies an Fe–S cluster.
1.11. IscX
IscX (also known as YfhJ) is a small acidic protein whose physiolog-
ical role has been unclear [36]. It has been shown to form a complex
with IscS and also to have iron-binding properties similar to those of
frataxin [56].
1.12. Frataxin
Bacterial frataxin (CyaY) is an acidic protein that can bind and deliv-
er iron ions. The eukaryotic ortholog of CyaY, frataxin, is well-known for
its pivotal function in regulating iron homeostasis in mitochondria
[57,58], even though the exact physiological role of this protein is
in debate. Recently, however, evidence has been accumulating indi-
cating that CyaY/frataxin is an essential component for Fe–S cluster
biosynthesis [18,59]. In particular, it was reported that CyaY/frataxin
can form a ternary complex with IscU/Isu1 and IscS/Nfs1 [41,60–63],
suggesting that CyaY acts as an iron-chaperone that delivers iron
ions to the IscU–IscS complex. However, it was also proposed that
CyaY functions as a repressor regulating the iron–sulfur cluster as-
sembly on IscU [40,41].1.13. IscS
The novel PLP-dependent cysteine desulfurase (IscS) was ﬁrst iden-
tiﬁed from a nifS-deleted strain of A. vinelandii as part of the ISC system
[30]. IscS catalyzes the conversion of Cys to Ala. This enzymatic reaction
generates a sulfur atom that is picked up by the conserved C328 residue
and transferred subsequently to IscU [64] or other proteins, for example,
ThiS, which plays an essential role with ThiI in the synthesis of thiamine
[65,66]. In addition, sulfur transfer mediated by IscS and ThiI is required
for tRNA modiﬁcation [67]. Homodimeric IscS has been shown to bind
to two IscU molecules, either as the apoprotein [61] or as the IscU:
[2Fe–2S] complex [68] (see below for details).
1.14. IscU as a hub protein for Fe–S cluster biogenesis
IscU interacts with various protein components to ensure assembly
and transfer of Fe–S clusters (Fig. 2). To date, IscU has been shown to in-
teract with IscS [61], HscA andHscB [69], IscX [70], CyaY [41,71,72], IscA
[46], and Fdx [45,71]. In addition, holo-IscU donates a cluster to the re-
pressor protein (IscR) [37]. This tangled, yet regulated, web of interac-
tions is physiologically important to safely manipulate iron and sulfur
ions whose uncontrolled release would be harmful to the cell and
might produce complex and rather unstable Fe–S clusters [8].
In an early study of Thermotoga maritima IscU, it was suggested that
the protein exists as a molten globule [73]. Subsequently, it was pro-
posed that IscU is an “orphan protein” that requires interaction with a
partner in order to be structured [74]. The early structural studies of
IscU were of its complex with Zn2+ (Table 1). These structures showed
that the three conserved cysteine residues (C37, C63, and C106) coordi-
nate the metal, but the fourth ligand was reported differently in X-ray
structures as the conserved D39 [75,76] or in an NMR structure as the
conserved H105 [77]. The X-ray structures of [2Fe–2S]:IscU [78] and
the [2Fe–2S]:IscU–IscS complex [68] showed the ligands as C37, C63,
H105, and C106 (in the E. coli numbering system); however, the more
Fig. 2. Network of protein–protein interactions involving IscU (purple) and IscS (green).
Table 2
Comparison of the kinetic parameters for the ATPase cycles of HscA (E. coli's specialized
Hsp70-type chaperone for Fe–S cluster biosynthesis) and DnaK (E. coli's canonical Hsp70
chaperone).a
Parameter HscA DnaK
Kd
ATP 26 μM 0.001–0.007 μM [154]
ka
ATP 4.24 × 104 M−1 s−1 8 × 106 M−1 s−1 [155]
kd
ATP 1 s−1 0.008–0.056 s−1 [155]
Km
ATP 13 μM 0.02 μM [154]
Kd
ADP 90 μM 0.025–0.13 μM [156]
ka
ADP 7 × 105 M−1 s−1 1 × 106 M−1 s−1 [156]
kd
ADP 60 s−1 0.006–0.035 s−1 [154]
khyd 0.0014 s−1 0.0003–0.0014 s−1 [157]
kconf 0.10 s−1 0.67–1.5 s−1 [156]
NEFb None GrpE [89]
a Kinetic data pertaining to HscA were derived from reference [85], whereas sources of
DnaK data are listed adjacent to the respective parameter values.
b Nucleic acid exchange factor.
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potential ligand.
1.15. Role of the cysteine desulfurase (IscS) in catalyzing Fe–S cluster
assembly
In the Fe–S cluster assembly mechanism, IscS not only catalyzes sul-
fur production and transfer, but also acts as a supporting platform on
whichprotein components join and collaborate. Recent X-ray structures
of IscS–IscU complexes have provided insights regarding the complex
formation and sulfur transfer mechanism. One study showed that the
N-terminal region of IscU, which is ﬂexible in its apo-state, forms an
α-helical structure and constructs a major binding site for IscS [61]. In
addition, C328 of IscS, the essential residue for sulfur withdrawal and
transfer, appeared to be capable of acting as a transient ligand for the
[2Fe–2S] cluster assembled on IscU; this cysteine residue resides in
the ﬂexible loop that can travel a distance of more than 14 Å between
the presumed sites of sulfur generation and delivery [68].
In addition, IscS accommodates the binding of other proteins, Fdx,
IscX, and CyaY (Fig. 2). Prischi et al. showed by SAXS and NMR spec-
troscopy that CyaY binds to IscS on which IscU is bound, and sup-
presses Fe–S cluster assembly [41]. Kim et al. found that the
binding of Fdx, IscX, and CyaY to IscS are each mutually exclusive
[71], and this ﬁnding was conﬁrmed by Yan et al. [79]. The binding
interface on IscS for the three proteins appears to involve interac-
tions with a positively-charged patch that includes R220, R223, and
R225.
1.16. Roles of the chaperone (HscA) and co-chaperone (HscB) in catalyzing
Fe–S cluster transfer
Prior studies have indicated that, whereas IscU can transfer Fe–S
clusters by itself, HscA andHscB signiﬁcantly enhance the rate of cluster
transfer [45] in an entirely ATP-dependent reaction [69,80]. Formation
of the HscA–IscU–HscB ternary complex synergistically enhances the
ATPase activity of HscAby nearly 1000-fold [69], which in turn regulates
the lifetime of the HscA–IscU:[2Fe–2S]–HscB complex and the ensuing
rate of cluster transfer [80]. The importance of HscA and HscB in
chaperoning Fe–S cluster transfer was illustrated by Tokumoto et al.
[36] who inactivated either hscA or hscB and observed considerably de-
creased cellular growth rates and activities of Fe–S proteins, including
succinate dehydrogenase.
1.16.1. Kinetics of HscA in comparison to that of DnaK, the canonical E. coli
Hsp70 chaperone
Vickery and coworkers [81,82] identiﬁed a novel 66 kDa heat
shock protein (Hsp; HscA), whose amino acid sequence displayed
41% identity with DnaK, E. coli's canonical Hsp70 chaperone involved
in protein homeostasis (proteostasis) [83]. Further biochemical
analyses, however, indicated that HscA expression was not inducedby heat shock [81], nor could the protein interact functionally with
components of the DnaK/DnaJ/GrpE molecular chaperone system [84].
Initial studies of HscA characterized the kinetics of ATP binding and hy-
drolysis and revealed that HscA exhibits low basal ATPase activity
(0.10 min−1) [85] similar to other Hsp70s [86]; yet, HscA failed to
bind to an ATP afﬁnity column [81]. This weak interaction with ATP
was further explored by stopped-ﬂow ﬂuorescence. The resultant KdATP
(26 μM) [85], which was nearly four orders of magnitude larger than
that for DnaK (~0.002 μM) [87], explained the failed attempt to capture
HscA via ATP afﬁnity columns. Unlike other members of the Hsp70
family [83,86], HscA does not require a nucleotide exchange factor
(NEF) to reset its ATPase cycle [84,85]. This apparently is a
consequence of HscA's high rates of ADP and ADP-Pi dissociation.
Moreover, extensive kinetic analyses, which indicated that ATP hy-
drolysis occurs at a rate N103-fold slower than exchange of ADP for
ATP, demonstrated that HscA is not subjected to co-chaperone-
mediated regulation of ATP hydrolysis and exchange, as are other
Hsp70s including DnaK [83,85]. Kinetic values for HscA and DnaK are
summarized in Table 2.
Despite the wealth of kinetic information, the structural basis for
these unique features of nucleotide association and dissociation have
remained unresolved, for no atomic-level information about HscA's
nucleotide-binding domain has been reported. Based on the nucleotide
dissociation fromHsp70–NEF complexes, it has been hypothesized [88]
that the structure of HscA's NBDwill be similar to that of DnaK bound to
its NEF (GrpE; PDB 1dkg), in which domain IIB is rotated by 14° relative
to its position in the ADP-Hsc70 crystal structure thereby facilitating
dissociation of ADP-Pi from DnaK [89].
1.16.2. Interactions between HscA and its co-chaperone HscB
To investigate the interactions between HscA and its Hsp40 co-
chaperone, HscB, Silberg et al. [51] utilized surface plasmon resonance
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form of HscA. Binding to HscB stimulated HscA's ATPase activity 5–10
fold [84], a factor similar to those for other Hsp70–Hsp40 pairs, and
the HscA–HscB interaction was hypothesized to involve HscA's NBD
and HscB's conserved J-domain (JD) [88]. Supporting this hypothesis,
Kim et al. recently demonstrated that the J-domain of HscB, which con-
tains the highly conserved His-Pro-Asp (HPD)motif of Hsp40s, binds to
HscA in the presence of ATP (Fig. 3).1.16.3. Interactions between HscA and its substrate IscU
Unlike other Hsp70s that bind to a variety of unfolded hydrophobic
polypeptide sequences, HscAwas found to exclusively recognize hydro-
phobic peptides containing a central Pro-Pro motif [90]. The minimal
binding site on IscUwas subsequently determined to encompass a high-
ly conserved Leu-Pro-Pro-Val-Lys sequence (IscU 99LPPVK103) [90].
Binding of IscU stimulated HscA's ATPase activity 6–8 fold with half-
maximal stimulation (KmIscU) occurring at 30 μM [51,91], whereas a syn-
thetic IscU peptide corresponding to residues 98ELPPVKIHC106 elicited
nearly identical results (4-fold stimulation and KmIscU peptide = 27 μM)
[92]. Subsequently, Cupp-Vickery et al. [93] solved the crystal structure
of HscA SBD bound to ELPPVKIHC at a resolution of 1.95 Å, in which the
overall structure resembled DnaK SBD bound to the peptide NRLLLTG
[94], yet the orientation of ELPPVKIHC was reversed with respect to
that of DnaK's substrate peptide, which was predicted by ﬂuorescence
quenching experiments [95].
Alanine scanning mutagenesis determined that P101 is essential for
both binding to HscA and concomitant ATPase stimulation [92].
Conﬁrming these results, the residue corresponding to P101 of IscU
was found to be completely buried by hydrophobic interactions in the
crystal structure of the HscASBD–peptide complex [93].
The above results were conﬁrmed by SPR studies in which HscB sig-
niﬁcantly enhanced IscU's binding afﬁnity to ATP–HscA (KdIscU = 37 μM
alone; KdIscU–HscB = 0.10 μM and KmIscU–HscB = 2 μM in the presence of
HscB) whereas HscB had no effect on the afﬁnity of ELPPVKIHC [51].
Moreover, HscB and IscU synergistically enhanced HscA's ATPase activ-
ity by nearly 1000-fold [69]; yet equivalent amounts of HscB and
ELPPVKIHC only reached 15-fold stimulation [90]. Such ﬁnely tuned
synergy reﬂects the delicate balancewith whichHscB–IscU–HscA inter-
actions modulate efﬁcient and rapid transfer of Fe–S clusters to apo-
proteins.Fig. 3. Results from 2D 1H–15N HSQC experiments that identiﬁed the nucleotide-dependent Hs
beledHscA(T212V),which included amutation that rendered the protein unable to cleave ATP,
can be found in. Depicted here is the structure of HscB (PDB 1fpo; [149]) with ATP- or ADP-HscA
In red are [U–15 N]-HscB 1HN–15NH signals that could not be followeddue to severe line broadeni
or signals that were unassigned (e.g. proline residues). The insets in both (A) and (B) indicate a
numbering: 32HPD34). Residues have been color coded as above, except that Pro33 was colored
Copyright (2014) American Chemical Society.2. Experimental approaches
It has been difﬁcult to obtain information about the complexes of ISC
proteins because they are weak and involve dynamic interactions. As a
result, many complexes have resisted crystallization. We and others
have turned to NMR spectroscopy and small-angle X-ray scattering
(SAXS) to study the interactions of these proteins. Chemical crosslinking
has also been useful in conﬁrming information from NMR and SAXS.
In the context of our work, we have identiﬁed and characterized
protein–protein interactionswithin the ISC-assembly system using sev-
eral NMR spectroscopic approaches. The simplest experiments involve
recording 2D 1H–15NHSQC (heteronuclear single-quantum correlation)
spectra of protein mixtures in which a protein labeled with an NMR ac-
tive isotope (e.g. 15N) is mixed with an NMR “invisible” protein lacking
special labeling. The formation of complexes can be rapidly identiﬁed by
monitoring perturbations in the peaks of 2D 1H–15N HSQC spectra upon
mixing the proteins. Because the complex tumblesmore slowly in solu-
tion than the labeled protein alone, formation of a complex usually
results in a broadening of the peaks in the NMR spectrum of the isotopi-
cally labeled protein. The binding interface of a protein–protein interac-
tion typically can be determined from the large chemical shift
perturbations that occur at residues localized at the binding interface.
Inmost cases, these experiments can be utilizedwithout the need for in-
tricate isotopic labeling schemes or more complicated NMR experi-
ments. Simple NMR experiments such as the 2D 1H–15N HSQC have
provided rapid atomic level insight into these challenging to study ISC
protein–protein complexes.
Solution SAXS,which provides low-resolution insight intomolecular
shapes, is a highly complementary approach to NMR for studying pro-
teins and protein–protein complexes. The simplest types of information
afforded from SAXS experiments are the radius of gyration (Rg) and the
molecular mass of the protein or protein–protein complex. The forma-
tion of complexes or oligomerization can usually be quickly identiﬁed
by an increase in the Rg or molecular mass. SAXS experiments can also
be used to generate low-resolution molecular shape models. Protein
binding interactions can be identiﬁed from a change in molecular
shape resulting from complex formation. For example, the expansion
of the end-to-end distance (Dmax) in a protein's molecular shape upon
complex formation can be used to help identify the binding site if the
structures of the subunits are known. It is important to note that,
given the low resolution of SAXS, several degenerate orientations ofcA binding surface upon HscB. [U–15N]–HscBwas mixed with 3 molar equivalents of unla-
in the presence of either ATP (A) or ADP (B). DetailedNMR chemical shift perturbation data
-induced 1HN–15NH chemical shift perturbations (ΔδNH) mapped onto the surface of HscB.
ng; in blue are signalswithΔδNH N 0.01 ppm; and inblack are signalswithΔδNH b 0.01 ppm,
region of the J-domain that contains the highly conserved His-Pro-Asp (HPD) motif (HscB
gray to indicate its lack of NMR signal in the 2D 1H–15N HSQC experiment.
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These degeneracies can be broken by adding additional information
from complementary experiments such as NMR.
The global structural information afforded by SAXS combined
with the atomic-level insight provided by NMR makes them a pow-
erful combination for studying protein–protein complexes [96,97].
Information obtained from NMR and SAXS is easily combined be-
cause all experiments can be carried out under identical solution
conditions. Low-resolution molecular models of complexes can be
built from NMR/SAXS data if the structures of the individual subunits
are known. Here, the binding interfaces determined by NMR can be
used to piece together structural models that satisfy the molecular
shape obtained from SAXS. This approach has been used for com-
plexes of proteins in the ISC operon for which structures are known
[41,70,79].3. Recent results from our laboratory
3.1. Metamorphic property of IscU
IscU appears to accommodate its wide variety of interactions by
an unusual, intrinsic conformational ﬂexibility [39]. Our NMR inves-
tigations have revealed that IscU populates two conformational
states under physiological conditions that interconvert on the
order of 1 s−1 [98]. One of these states (S-state) is more structured
and the other (D-state) is more dynamic, but not unfolded (Fig. 4)
[98,99]. We found that the conformational transition between the
two states involves cis/trans isomerization of two peptidyl–prolyl
peptide bonds, both of which are trans in the S-state of IscU, and
both are in the higher energy cis conﬁguration in the D-state of
IscU (Fig. 4) [99]. Notably, this observation indicates that the D-
state of IscU differs from a fully-unfolded state, which should contain
peptidyl peptide bonds primarily in the trans conﬁguration.
The conformational equilibrium of IscU is maintained with a subtle
balance; this is attributed to the necessity of IscU to efﬁciently intercon-
vert between ordered and dynamic states [39]. The conformational
transition of IscU has been mimicked and further characterized under
various conditions. For example, the binding of Zn2+ [77], Fe2+ [100],
or [2Fe–2S] [78] stabilizes the S-state (Figs. 5A, B). We also found that
the conformational equilibrium of IscU could be perturbed by introduc-
ing single-amino acid substitutions: e.g. D39A, D39I, D39V, N90A,
S107A, and E111A stabilize the S-state, whereas K89A and N90D stabi-
lize the D-state of IscU [100,101]. We were able to determine the 3D
NMR solution structure of the S-state of IscU in the presence of ~20%
of the D-state (Fig. 5C) [101]. The least ordered regions of IscU were
found to include the loops containing the cluster ligands. Because of
its dynamics, determination of the 3D structure of the D-state hasFig. 4. Schematic representation of conformational equilibrium of IscU. In its apo-state,
IscU exists as a metamorphic protein, showing two different conformations; the more
structured state (S-state) and themore dynamic state (D-state). This conformational tran-
sition is correlated with cis/trans isomerization of two peptidyl–prolyl peptide bonds,
N13–P14 and P100–P101.
Adapted from [39].proved much more challenging and constitutes an ongoing effort in
our laboratory. We also determined the NMR solution structure of
IscU(D39A) and, as expected, found it to be more ordered than that of
wild-type IscU [101].
In addition, the S ⇄ D conformational equilibrium of IscU depends
on temperature and pH. We observed that the S-state of IscU is
most highly populated at 25 °C and that increasing or decreasing
the temperature destabilizes the S-state; only the D-state of IscU
was observed at 45 °C [39,99]. Intriguingly, IscU manifests effects
analogous to cold denaturation well above 0 °C, again reﬂecting the
delicate balance in maintaining its metamorphic nature [39,102].
The S ⇄ D conformational equilibrium of IscU is pH-dependent
with the S-state maximally populated at pH ~ 8 and transitions to
the D-state at low and high pH [103]. We found that the conforma-
tional transition at low pH can be ascribed to differences in the pKa
values of the two conserved histidine residues (H10 and H105) in
the S- and D-states and have suggested that the conformational tran-
sition at high pH similarly results from differences in the pKa values
of other residues, most likely one or more cysteines, in the S- and
D-states.
Most interestingly, we found that the different proteins known to
bind IscU prefer either the S- or D-state. The D-state is preferred by
IscS [100] and HscA [104], whereas the S-state is preferred by HscB
[98,104] and IscX [70].
3.2. Mechanism of Fe–S cluster assembly
Recent studies from our laboratory have yielded separate pieces to
the puzzle of Fe–S cluster assembly. We discovered that reduced Fdx
binds to IscS and becomes oxidized only in the presence of L-cysteine
and only if C328 of IscS is intact [71]. In addition, we found that reduced
Fdx serves as a reductant for in vitro cluster assembly [71]. These results
suggested that cluster assembly involves the generation of a disulﬁde
radical, possibly located on C328. Another piece to the puzzle was our
ﬁnding that the binding of Fdx and IscU to IscS is mutually exclusive
[71]. NMR studies showed that IscU's site of interaction with IscX
(Fig. 6) [70] is different from its site of interaction with IscS [61] and
that the IscX–IscU interaction is stronger when IscX contains bound
Fe2+ [70]. In addition, IscX appears to interact more strongly with
Fe2+ than with Fe3+. These results suggested that IscX is, in fact, the
iron donor for cluster assembly and that the iron ion is passed to IscU
when it becomes oxidized. Finally, we found that IscX inhibits the cyste-
ine desulfurase activity of IscS by forming a ternary complex with IscU,
as identiﬁed by NMR and SAXS (Fig. 7) [70]. This mechanism of inhibi-
tion is distinct from that of CyaY, which inhibits IscS by displacing
both IscU and Fdx [71]. By putting these clues together,we devised a de-
tailed working mechanism for Fe–S cluster assembly (Fig. 8) [70]. The
cycle starts with the binding of reduced Fdx to IscS, which displaces
IscX from IscS and activates its cysteine desulfurase activity. Conversion
of Cys to Ala generates S0, which is transferred to C328 and reduced by
Fdx to a disulﬁde radical. Next IscU binds to IscS and competes off oxi-
dized Fdx. Fe2+:IscX interacts with IscU as the sulfur radical is trans-
ferred to a cysteine of IscU, and its bound Fe2+ is oxidized to Fe3+ and
transferred to IscU as S• is reduced to S2−. IscX can then bind to IscS to
inhibit cysteine desulfurase activity until it is displaced by reduced Fdx
to initiate the second cycle. This second cycle involves the conversion
of a second Cys to Ala, conversion of the S0 formed to S• by oxidation
of Fdx, delivery of a second iron ion from IscX:Fe2+, reduction of S•
and incorporation of a second Fe3+ to form IscU:[2Fe–2S].
3.3. Mechanism of Fe–S cluster transfer
Upon assembly of an Fe–S cluster on IscU, cluster transfer takes place
through the recruitment of additional protein chaperones (HscA and
HscB). These two proteins facilitate Fe–S cluster transfer through the
well-known ATP-dependent Hsp70/Hsp40 cycle [88]. We began by
Fig. 5. Structural models of IscU in its S-state. (A) NMR solution structure of Haemophilus inﬂuenzae Zn-bound IscU (PDB 1r9p; [77]). Zn is shown as an orange sphere. Note that the dis-
ordered N-terminal region (M1–L20) is not shown here. (B) X-ray crystal structure of Aquifex aeolicus [2Fe–2S]-bound IscU (PDB 2z7e; [78]). The structure is trimeric with only onemol-
ecule in the asymmetric unit containing the [2Fe–2S] cluster (shown as spheres). (C) NMR solution structure of E. coli apo-IscU (PDB 2l4x; [101]). (Left) Representative structure. (Right)
Ensemble of the 20 lowest-energy structural models.
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nation of NMR spectroscopy, circular dichroism (CD) spectroscopy, iso-
thermal titration calorimetry (ITC), and site-directed mutagenesis, we
found that HscB uses three conserved hydrophobic residues (L92,
M93, and F153) to form a hydrophobic core when associating with
IscU [105,106]. Conversely, we identiﬁed two hydrophobic residues of
IscU (M31 and V40) at the HscB interaction site [98]. Notably, we fur-
ther showed that HscB only targets the S-state of IscU [104], which is
consistent with previous speculations that the S-state of IscU sustains
the assembled Fe–S cluster until its transfer, and that HscB guides the
Fe–S cluster-bound IscU to HscA [51].
Next, we investigated the binary interactions between HscA and
IscU or HscB, and the subsequent ternary complex with HscB. As
noted above, prior information about the structure of the HscA–
IscU complex came from the X-ray crystal structure of the complex be-
tween the substrate binding domain (SBD) of HscA and the IscU peptide
98ELPPVKIHC106 [93]. This study showed that the peptide bound to the
SBD adopts an extended conformation, suggesting that IscU needs to
undergo a signiﬁcant conformational change to accommodate this
non-native conformation. We conﬁrmed this speculation by NMRFig. 6. NMR evidence from 2D 1H–15N HSQC spectra for the surfaces by which IscX and IscU int
addition of 4 equivalents of IscU. Red triangles denote residues whose chemical shift changes c
onto the structure of IscX (PDB 2bzt)17 with the following color code: gray, not affected; blue, s
(C) Perturbation of the 1HN–15NH signals of [U–15N]–IscU resulting from the addition of 4 equiva
ed because of severe line broadening. (D) Results from panel C mapped onto the structure of I
Reprinted with permission from [70]. Copyright (2014) American Chemical Society.spectroscopy, which revealed that HscA, in its apo- or ADP-bound
state, binds to and stabilizes the D-state of IscU, whereas S-state IscU
does not interact with HscA regardless of a bound-nucleotide [104]. Be-
cause the D-state IscU does not bindmetal ions (or a cluster), this result
suggests that the HscA-induced S→ D conversion serves to release the
cluster to an acceptor apoprotein. When HscA contains bound ATP, this
interaction with IscU fails to occur [104]. Thus, we have postulated that
the trigger for the activation of the ATPase activity of HscA in the IscU:
[2Fe–2S]–HscB–HscA:ATP complex is the attack of the iron ions of the
cluster by one (or more probably two) of the free –SH groups of the ac-
ceptor apoprotein [39,104]. The attack of two cysteine side chains
would release two of IscU's ligands to the cluster, most probably H105
and C106. This would free up the sequence of IscU that binds to HscA.
We have speculated that this change in ligation affects the interaction
between IscU and HscB in a way that perturbs the interaction between
the HscB and the nucleotide binding domain (NBD) of HscA to activate
its ATPase activity [107]. The resulting nucleotide-induced conforma-
tional change in HscA converts it to the state that binds IscU, and bind-
ing to the D-state of IscU leads to complete release of the cluster to the
acceptor protein. This mechanism is illustrated in Fig. 9. One virtue oferact. (A) Perturbation of the 1HN–15NH signals (ΔδNH) of [U–15N]–IscX, resulting from the
ould not be followed because of severe line broadening. (B) Results from panel A mapped
igniﬁcantly shifted (ΔδNH N 0.04 ppm); red, broadened; black, not assigned or overlapped.
lents IscX. Red triangles denote residueswhose chemical shift changes could not be follow-
scU (PDB 2l4x)33 with the same color code used for panel B.
Fig. 7. Structural models from SAXS data. (A) Experimental SAXS data (circles) recorded for IscS (blue), IscU + IscS (purple), IscX + IscS (red), and IscX+ IscU+ IscS (green). Fits of the
molecularmodels for IscS (PDB1p3w) and those determined from rigid bodymodeling to experimental SAXS are plotted as solid lines. (B) Pairwise distance distribution functions derived
from experimental SAXS data (solid-lines) for IscS (blue), IscU+ IscS (purple), IscX+ IscS (red), and IscX+ IscU+ IscS (green) compared to those derived from the rigid bodymodeling
derived structures (dashed-lines). (C) Molecular models of IscS (black, PDB 1p3w), IscU–IscS (purple), IscX–IscS (red), and IscX–IscU–IscS (green), determined from rigid body modeling
simulations. The structures used for each complex component in the rigid bodymodeling simulationswere: IscS (blue; PDB 1p3w) [136], IscU (purple; PDB 2l4x) [101], and IscX (red; PDB
2bzt) [56]. The resulting structures from rigid body modeling are overlaid with ab initio shape models determined from the SAXS data with DAMMIF [158].
Reprinted with permission from [70]. Copyright (2014) American Chemical Society.
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ence of an acceptor protein thus avoiding idle cycles of ATP hydrolysis.
Intriguingly, when probing the interactions betweenHscA andHscB,
Kim et al. identiﬁed an HscA interaction site on the C-terminal domain
of HscB. This second, less nucleotide-dependent interface (see
“Interactions between HscA and its co-chaperone HscB” section
above) contained HscB residues (R152, D155, K156, R158, and Q163)
[106] that reside near those previously found (R87, L92, L96, R99,
E100, and F153) to interact with IscU [98,105,106]. Thus, a model arises
in which HscB, via its C-terminal domain, could facilitate interactions
between IscU and HscA during Fe–S cluster transfer. Experimental sup-
port of such amodel, however,will require detailed structural investiga-
tions of the elusive ATP:HscA–HscB–IscU complex.Fig. 8. Proposedmechanism for the ISC Fe–S cluster assembly. In this scheme IscX serves both as
to the sulfur of a cysteine residue of either IscS or IscU as indicated, and S2−:Fe3+ is bound to a
which inhibits Fe–S cluster assembly by binding to IscS and competing off Fdx and IscU.
Reprinted with permission from [70]. Copyright (2014) American Chemical Society.3.4. Ligation pattern of the holo-repressor: IscR:[2Fe–2S]
IscR is the homodimeric [2Fe–2S] transcription factor that regulates
expression of more than 40 genes, including the E. coli isc operon that
encodes IscR itself [37]. This protein targets two different DNA motifs;
the cluster-bound IscR is able to recognize both of theseDNA sequences,
whereas apo-IscR binds to only onemotif, indicating that the regulation
mechanism of IscR depends on the redox state of a cell and availability
of iron and sulfur [108]. In further support of this redox-dependent reg-
ulation, a recent study revealed the atypical cluster coordination ligands
of IscR. By employing resonance Raman, Mössbauer, and NMR spectros-
copy, Fleischhacker et al. [109] showed that one of the cluster ligands of
IscR is the histidine residue, H107; the other ligands were earlierthe source of Fe2+ and as a regulator of cysteine desulfurase (IscS). The species S• is bound
cysteine residue of IscU as Cys–S–Fe–S. Details are provided in the text. Not shown is CyaY,
Fig. 9. Schematic representation of the role of the S- and D-states of IscU in Fe–S cluster assembly on IscU and delivery to an acceptor apoprotein. (A) Reduced Fdx donates an electron to
reduce the S0 generated by conversion of Cys to Ala by IscS. (B) The D-state of IscU binds to IscS displacing Fdx, and the sulfur radical is transferred from IscS to IscU and reduced by Fe2+
delivered by IscX to S2−. (C) Following the repeat of steps A and B, an assembled [2Fe–2S] cluster is bound to the S-state of IscU. (D) IscU:[2Fe–2S] is transferred from IscS to HscB, which
has a higher afﬁnity for the S-state of IscU than does IscS. (E) The J-domain of HscB (round knob) targets theHscB–IscU:[2Fe–2S] complex to thenucleotide binding domain of HscA. (F) The
approach of an acceptor apoprotein (blue trapezoid) and subsequent attack of two of its –SH groups on the iron ions of the complex liberates two of the IscU cluster ligands, leading to a
conformational change in HscB that activates the ATPase activity of HscA. (G) Cleavage of ATP to ADP leads to conversion of the tense state (T) state of HscA to the relaxed state (R), which
binds the D-state of IscU. Conversion of IscU from the S- to the D-state by binding to HscA(ADP), releases the cluster to the acceptor protein, andHscB. (H) Finally, exchange of bound ADP
for ATP converts HscA back to the T-state with release of IscU, which resumes its equilibrium between the S- and D-states.
Adapted from [39] on the basis of new results [70]
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[110]. A variety of spectroscopic data were consistent with a non-
cysteinyl ligand to the [2Fe–2S] cluster, and the combination of site-
directed mutagenesis and histidine-selective labeling led to the assign-
ment of NMR signals from the fourth ligand to histidine [109].
This non-classical (Cys)3(His)1 Fe–S cluster ligation scheme is
identiﬁed in Fe–S proteins that show sensing activities. For example,
(Cys)3(His)1, ligation is found in the yeast Fra2/Grx3 complex, which
is responsible for sensing cellular Fe-status [111], and in the outer
mitochondrial membrane protein mitoNEET, which has been reported
to sense cellular redox states and Fe-status [112,113]. As discussed
above, it is probable that IscU utilizes (Cys)3(His)1 cluster ligation. In
the case of IscU, the atypical cluster coordination may serve to reduce
the protein's afﬁnity of the cluster so that it is more easily transferred
to an acceptor protein. In the case of IscR, reduced afﬁnity may make
the protein a better sensor of the availability of Fe–S clusters.4. Outstanding questions and challenges for future research
One of themost intriguing features to emerge from our studies is the
metamorphic property of IscU [98,99] and the fact that partner proteins
prefer one state over the other and thereby serve tomodulate the struc-
ture of IscU and its chemical properties. Switching between the two
states is gated by cis/trans isomerizations of two peptidyl–prolyl peptide
bonds [99]. This concerted conversion occurs at a high rate in the ab-
sence of external catalysis by a peptidyl–prolyl isomerase. How did
such properties evolve, particularly in such an ancient protein system?
Preliminary studies from our laboratory have shown that the S⇄ D
equilibrium of IscU is inﬂuenced by temperature and pH. This line of re-
search offers to shed light on the thermodynamic properties of the tran-
sition and how it affects the proton afﬁnity of protein side chains.We have shown that the S- and D-states of IscU interact differen-
tially with partner proteins, with IscS [100] and HscA [104] binding
preferentially to the D-state and IscX [70] and HscB [98,104] binding
preferentially to the S-state. The mechanisms for these preferences
remain to be worked out in terms of three-dimensional models for
the binding sites and the groups responsible for speciﬁcity. Current
X-ray crystal models do not agree with some of the solution NMR re-
sults. For example, the structure of the IscS–IscU complex shows IscU
in the S-state [61], likely as the result of additives used in crystallization.
This interpretation, however, remains controversial [114], and resolu-
tion awaits deﬁnitive experimentation. The X-ray crystal structure of
the complex between the substrate binding domain of HscA and the
peptide fragment of IscU that binds to it (ELPPVKIHC) [93] shows the
conﬁguration of the P100–P101 peptide bond in the trans conﬁguration
found in the S-state, rather than the cis conﬁguration found in the D-
state. We have found that the binding of CyaY and IscU to IscS is mutu-
ally exclusive [71]; however, another group has reported the existence
of an IscU:CyaY:IscS ternary complex [41]. Further investigation is war-
ranted regarding these discrepancies.
Given HscA's thorough kinetic characterization and unique
nucleotide-binding qualities, it is puzzling that its isolated NBD, which
hydrolyzes ATP and promotes Fe–S cluster transfer, has not been stud-
ied in detail. Moreover, the role of HscA's highly conserved interdomain
linker in modulating the NBD's ATPase activity has only recently been
analyzed. A prior study in DnaK [115] reported that mutations in the
interdomain linker abolished chaperone activity. Additionally, a DnaK
NBD variant containing the linker exhibited autoactivated ATP hydroly-
sis [116], and its site of binding on the NBDwasmapped to a conserved
region between domains IA and IIA [116–118]. Alderson et al. [119]
compared the ATPase activities of isolated HscA NBD (HscA386) variants
and reported that, when covalently attached (HscA395), HscA's
interdomain linker stimulated ATPase activity to levels similar to other
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evolved the ability to activate ATP hydrolysis via their linker (e.g.
DnaK [116], Hsc70 [117]), and, if so, has this linker–NBD interface also
been conserved across evolution? More importantly, the HscB binding
site upon HscA has yet to be characterized at atomic resolution, likely
a result of relativelyweak binding interactions that resist crystallization.
HscB could not stimulate the ATPase activity of HscA variants that
lacked the SBD, which suggested that the SBD either directly contacts
HscB or indirectly positions the NBD for functional interactions with
HscB [119]. Elucidating the HscA–HscB binding interface will be essen-
tial to ourmechanistic understanding of co-chaperone-mediated stimu-
lation of ATP hydrolysis and Fe–S cluster transfer.
Although we have advanced models for cluster assembly and deliv-
ery, many of the steps involved require veriﬁcation and lack mechanis-
tic detail. For example, the nature of the radical anion formed on IscS,
which occurs by reduction of Fdx accompanied by conversion of Cys
to Ala, remains to be determined. Our assumption that it is a disulﬁde
radical anion on C328 of IscS awaits experimental validation. Another
question revolves around the possible role of D39 of IscU in cluster as-
sembly [68]. D39 is highly conserved, and itsmutation toAla has pheno-
typic consequences [43,120,121]. We have shown that cluster
stabilization in the D39A variant can be explained by its stabilization
of the S-state of IscU [100], but D39 may play additional functional
roles. The actual steps in cluster delivery to an acceptor apoprotein re-
main speculative. We have postulated that the trigger is attack by one,
or more likely two, cysteinyl sulfhydryl groups of the acceptor protein
on the iron ions of the cluster bound to IscU [39]. This attack would re-
lease IscU ligands, probably H105 and C106, leading to a conformational
change resulting in activation of the ATPase activity of HscA. Experi-
mental trapping of this postulated intermediatewould greatly strength-
en this case.
The role of IscA is still in limbo. IscA has been shown to bind Fe2+ and
Fe3+ [122] and Cu+ [123]. Various functions have been ascribed to IscA,
including iron delivery [48], cluster acceptance and delivery [124], and
assembly or maturation of [4Fe–4S] centers [125,126]. IscA (107 aa resi-
dues) and IscX (66 aa residues) exhibit 18% sequence identity and may
have arisen by gene duplication. IscX lacks theHESB domainwith its con-
served CGCG sequence present in all IscA proteins [127].
The ISC machinery is capable of producing both [2Fe–2S] and
[4Fe–4S] clusters. The way in which the ratio of the two cluster
types is regulated remains to be discovered. Also, we have no struc-
tural model yet for a [4Fe–4S] cluster bound to IscU. In addition, it is
not known whether [4Fe–4S] clusters form only through the fusion
of two [2Fe–2S] clusters.
It appears that part of what has been learned with the E. coli ISC sys-
tem will be relevant to the Fe–S cluster assembly and delivery machin-
ery of other organisms. We have shown, for example, that the human
mitochondrial scaffold protein (ISCU) has metamorphic properties sim-
ilar to that of E. coli IscU and that the human J-protein (HSC20) binds
preferentially to the S-state of ISCU, whereas the cysteine desulfurase
(NFS1) and Hsp70-type chaperone (mtHSP70) bind preferentially to
the D-state of IscU [128]. Major differences between the bacterial and
eukaryotic Fe–S cluster assembly systems are the presence of an acces-
sory protein (ISD11) [129–131] as an essential part of the eukaryotic
cysteine desulfurase (NFS1) and the fact that frataxin (FRDA) is a re-
quired component [60,132,133], rather than an inhibitor [134]. It ap-
pears that there is no homolog of IscX in eukaryotes; frataxin may play
the role instead for iron delivery. An important recent ﬁnding is that
LYR motifs in eukaryotic apo-Fe–S proteins bind to HSC20 and serve to
target them for Fe–S cluster delivery; LYRmotifs are leading to the iden-
tiﬁcation of many additional genes as coding for Fe–S proteins [135].
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